Medaka (Oryzias latipes) is a small freshwater teleost that provides an excellent developmental genetic model complementary to zebrafish. Our recent mutagenesis screening using medaka identified headfish (hdf) which is characterized by the absence of trunk and tail structures with nearly normal head including the midbrain-hindbrain boundary (MHB). Positional-candidate cloning revealed that the hdf mutation causes a functionally null form of Fgfr1. The fgfr1 hdf is thus the first fgf receptor mutant in fish. Although FGF signaling has been implicated in mesoderm induction, mesoderm is induced normally in the fgfr1 hdf mutant, but subsequently, mutant embryos fail to maintain the mesoderm, leading to defects in mesoderm derivatives, especially in trunk and tail. Furthermore, we found that morpholino knockdown of medaka fgf8 resulted in a phenotype identical to the fgfr1 hdf mutant, suggesting that like its mouse counterpart, Fgf8 is a major ligand for Fgfr1 in medaka early embryogenesis. Intriguingly, Fgf8 and Fgfr1 in zebrafish are also suggested to form a major ligand-receptor pair, but their function is much diverged, as the zebrafish fgfr1 morphant and zebrafish fgf8 mutant acerebellar (ace) only fail to develop the MHB, but develop nearly unaffected trunk and tail. These results provide evidence that teleost fish have evolved divergent functions of Fgf8-Fgfr1 while maintaining the 
Introduction
Medaka (Oryzias latipes) is a model vertebrate of increasing interest in developmental and evolutionary biology (Ishikawa, 2000; Wittbrodt et al., 2002; Naruse et al., 2004) . In addition to common shared features with zebrafish, medaka has several advantages i.e. a smaller genome (about 800 Mb, half the size of the zebrafish genome), the existence of highly polymorphic inbred strains and a wide range of growth permissive temperatures. Recently, a large-scale mutagenesis screening was conducted and has delivered a vastly expanded pool of medaka mutant stocks (Furutani-Seiki et al., 2004) . As expected from the great evolutionarily distance between medaka and zebrafish (more than 110 million years) (Wittbrodt et al., 2002) , some medaka mutations appear to have unique phenotypes, demonstrating the utility of multiple teleost genetic models. In our recent mutagenesis screening, we isolated a medaka mutant, headfish (hdf), showing a severe defect in trunk-tail development, a phenotype that has not yet been identified in zebrafish screening. Analysis reported here revealed that hdf mutants have a null mutation in the medaka fgf receptor 1 gene (fgfr1), and this therefore represents the first fgf-receptor-related mutant in fish.
The FGF receptor is a cell surface receptor tyrosine kinase that binds FGFs extracellularly and transduces resulting signals into the cytosol (Böttcher and Niehrs, 2005) . Among the four Fgf receptors, Fgfr1 is thought to play a critical role in vertebrate early development, particularly in mesoderm formation and neural patterning. In frog and fish embryos, functional analysis of Fgfr1 has mainly involved injection of RNA molecules encoding a dominant-negative form of FGFR1 (XFD), because no mutant for Fgfr1 has been available in these animals prior to the present study. However, the phenotype induced by XFD (Amaya et al., 1991 (Amaya et al., , 1993 Griffin et al., 1995; Launay et al., 1996; Carl and Wittbrodt, 1999 ) is somewhat different from those observed in Fgfr1-knockout mice (Deng et al., 1994; Yamaguchi et al., 1994) . This is particularly evident for the initial formation of mesoderm which occurs in mice in the absence of FGFR1, but does not occur in fish and frogs in the presence of XFD. This could be due either to a species specificity of FGFR1 function or to the lack of specificity of the XFD (Ueno et al., 1992) . Hence, the fgfr1 hdf mutant enables us to genetically identify the role of Fgfr1 for the first time in fish development.
Due to promiscuity of FGF receptors and the large number of possible ligands, ligand-receptor relationships are complex in FGF signaling (Zhang et al., 2006) , which sometimes hampers molecular dissection of FGF-mediated signaling. Among FGF ligands examined, FGF8 is thought to exert its function mainly through FGFR1 in mesoderm and neural patterning, as both the fgf8-and Fgfr1-knockout mice exhibit similar defects during gastrulation (Deng et al., 1994; Yamaguchi et al., 1994; Sun et al., 1999) and in midbrainhindbrain boundary (MHB) formation (Chi et al., 2003; Trokovic et al., 2003 Trokovic et al., , 2005 . Phenotypic similarity between fgfr1 and fgf8-defective embryos was also reported in zebrafish, although their phenotype is much milder and limited to the MHB (Scholpp et al., 2004) . These results suggest that ligandreceptor relationships in FGF signaling tend to be conserved during vertebrate evolution despite divergent function. In this study, we first report the positional cloning and phenotypes of the fgfr1 hdf mutant, which genetically reveals the specific roles of Fgfr1 during early embryogenesis in fish. Then, we discuss the evolution of Fgf receptor-ligand system by comparing the phenotypes of medaka and zebrafish fgfr1-and fgf8-defective embryos.
Materials and methods

Medaka strains for ENU mutagenesis and mapping
Two Japanese medaka strains were used in mutagenesis and mapping. The strain used for mutagenesis screening was d-rR strain of a closed colony, derived from the southern Japanese population (Yamamoto, 1953) . The strain used for genetic mapping was the inbred strain HNI, derived from the northern population (Hyodo-Taguchi, 1980) . Embryos were obtained by natural mating and staged according to morphology as described (Iwamatsu, 1994) .
Adult male fish of the d-rR strain were mutagenized with 3 mM N-ethyl-Nnitrosourea (ENU), as described previously (Ishikawa, 1996; Ishikawa et al., 1999) . Mutant screening was performed at the F3 generation according to morphological criteria. The headfish (hdf) mutant was isolated as a recessive embryonic lethal mutant showing severe abnormalities in the trunk and tail region. The mutant line was maintained as a heterozygous fish in a d-rR genetic background.
Genetic mapping and chromosome walking
The mutant fish of d-rR background were crossed with the HNI, and the F1 hybrids were intercrossed to generate a reference panel for mapping. Genomic DNA extraction from medaka embryos was performed as described in Kimura et al. (2004) . The mutant locus was mapped by scoring for recombination with STS markers using the M-marker system as described previously (Kimura et al., 2004) . Further detailed mapping was performed using a 633 F2 progeny panel of 1266 meioses. Medaka spt was mapped using primers designed based on the EST sequence (primers: AGGACC-TACGTCCACCC and GTGGGTATTGACTCCACTCTGC). Arrayed filters of a medaka bacterial artificial chromosomes (BAC) library (Matsuda et al., 2001) were screened by hybridization using the AlkPhos direct labeling and detection system (Amersham Biosciences). Both ends of the BAC clone were sequenced and converted to STS markers which were then used for typing of the reference panel. The BAC library was screened using the STS marker as a probe.
Morpholino and mRNA injection
Morpholino oligonucleotides (MO) were obtained from GeneTools (Corvallis, OR). A morpholino targeted to the 1st methionine of the medaka spt (tbx16) gene, MO-tbx16: AGCTCTCTGATGGACTGCATTCTTC. Splicing morpholinos targeted to the splice donor site of the medaka fgfr1 located at the junction of exon 11 and intron 11, and of exon 15 and intron 15, are MO-fgfr1SP1: TATCTACTTTCTGTTACCTGTCTGC and MO-fgfr1SP2: GGTCGTGGTGT-TTTTACCTTTTTAG. Morpholinos targeted to the 1st methionine of the medaka fgfr1 gene are MO-fgfr1M1: ATAGTATTCTTGGCCTCATCAGCAT and MOfgfr1M4: GAACATCAGCTGTGTAACATTCACG. A morpholino targeted to the 1st methionine of the medaka fgf8 gene is MO-fgf8: ATAGCTGCATGG-CACGGGTCTCATC. Morpholinos were dissolved in 100 μl of distilled water at a concentration of 3 mM and stored at −20°C. For injection, the morpholino solutions were diluted to 60-300 μM in final concentration of 1× Yamamoto's solution containing 0.05% phenol red.
To synthesize RNA in vitro, the open reading frame of the medaka fgfr1 was cloned into the plasmid pCS2+. The plasmid was linearized, and capped sense RNA was synthesized using SP6 mMessage machine kit (Ambion, Austin, TX). The synthesized RNA was purified using the RNeasy purification filter (QIAGEN) and diluted to the concentration of 1 μg/μl and stored at − 80°C until use. For injection, RNA solution was diluted to 200-500 ng/μl in final concentration of 1× Yamamoto's solution containing 0.05% phenol red.
Sample eggs for injection were collected from the abdomen of female fish, 20 min after the mating of male and female fish that had been separated the previous evening. Morpholinos or RNA solutions were injected into the cytoplasm of 1-cell stage embryos. Injected embryos were incubated in the medaka hatching buffer at 28°C.
Bead transplantation
Heparin gel beads (EY Laboratories, Inc.) were washed three times in PBS and in 0.1% BSA (Sigma)/PBS. The beads were incubated with 0.25 mg/ml recombinant mouse FGF8B protein (R&D Systems) or 0.1% BSA/PBS for 2 h at room temperature, and then washed twice with 0.1% BSA/PBS.
For bead transplantation, embryos were dechorionated using hatching enzyme in the medaka balanced salt solution (BSS). Embryos were soaked in the hatching enzyme solution at the morula stage (st. 8-9) and the degraded chorion was removed by st. 11 using a melted round-headed glass needle. Dechorionated embryos were incubated in the medaka BSS. Transplantation was performed on a 1.5% agarose plate filled with medaka BSS. An FGF-soaked or a BSA bead was transplanted into the dorso-lateral part of the blastoderm of the dechorionated embryos using a tungsten needle and a melted round-headed glass needle at the shield stage (around st. 13). Bead transplanted embryos were incubated in BSS until the desired stage and fixed with 4% PFA/0.85× PBST overnight for in situ analysis.
Whole-mount in situ hybridization
Embryos were fixed with 4% paraformaldehyde (PFA)/PBST and dehydrated with methanol. After rehydration, samples were treated with proteinase K, then refixed with PFA, followed with PBST washes. They were then treated with hybridization mixture (50% formamide, 5× SSC, 50 μg/ml heparin, 100 μg/ ml calf thymus DNA, 10 μg/ml tRNA, 0.1% Tween-20) for 1 h and incubated with DIG-labeled RNA probe at 65°C overnight. After washing with a series of SSC and blocking with 2% fetal calf serum (FCS), the samples were incubated with alkaline phosphate (AP)-conjugated anti-DIG Fab fragments (1:8000) at 4°C overnight. Detection was performed with BM-purple (Roche). Samples after staining were washed with PBS containing 1% Tween-20 several times for each overnight to reduce the background staining.
Phylogenetic analysis
Protein sequences were obtained from GenBank. Species and GenBank accession numbers are shown in the figure. The sequences were aligned using CLUSTAL W program (Thompson et al., 1994) and phylogenetic trees were constructed using the neighbor-joining method in the DDBJ website (http://www.ddbj.nig.ac.jp/search/clustalw-j.html).
Results
Morphological and gene expression characteristics of headfish mutant
The headfish (hdf) mutant was isolated in our recent screening of ENU-induced mutants affecting the embryonic development and organogenesis in medaka. The hdf is a recessive lethal mutant showing drastic phenotypes; it lacks most of the posterior structures at the hatching stage (9 days post-fertilization), whereas the head structure appears almost normal . At the early segmentation stage, no or few somites are formed in the mutant (Figs. 1E, F), while anterior structures are relatively normal (Figs. 1G, H). As judged by myod and paraxial protocadherin (papc) expression (markers for the muscle and presomitic mesoderm, respectively), the paraxial mesoderm which gives rise to the somite does not differentiate normally . In contrast, most of the axial mesoderm develops in the hdf mutant (Figs. 1E, F), but is abnormal in shape, as evidenced by punctuated expression of ntl (no tail, also called brachyury), a marker for notochord (Figs. 1O, P). These defects in mesodermal differentiation can be ascribed to a failure of maintenance of the tailbud which gives rise to nearly all mesodermal derivatives; the expression of spt (spadetail, also called tbx16), a tailbud marker, is almost gone in the mutant (Figs. 1Q, R). Consequently, the tail does not elongate properly and the resulting body length of the mutant embryo is much shorter than wild type (Figs. 1I, J). ntl is also a marker for the earliest mesoderm induced at the late blastula stage, and we found the normal levels of ntl expression in the blastoderm margin of all embryos obtained from heterozygous parents (no morphological phenotype is detectable at this stage), suggesting that mesoderm is normally induced in the hdf mutant (Fig. 1S) . Similarly, the initial dorsoventral specification normally takes place in the mutant, as indicated by normal chordin expression (Fig. 1T ).
headfish encodes medaka fgfr1
To identify the gene responsible for hdf, we employed a positional-candidate cloning strategy. The hdf locus was genetically mapped to the medaka linkage group (LG) 9 by bulked segregant analysis with the M-marker system (Kimura et al., 2004) . We identified an EST marker, OLb0402d, that is tightly linked to the hdf locus (one recombination in 1266 meioses) ( Fig. 2A) . Chromosome walking using BAC clones was then conducted to narrow down the responsible region. In parallel, mapping of candidate genes and comparative syntenic analysis with the genome of Fugu rubripes identified spt and fgfr1 in the responsive region (0 and 1 recombination in 852 meioses, respectively).
Morpholino-knockdown of spt resulted in an enlarged tailbud with normal somites, which is comparable to the phenotype of the zebrafish spt mutant (Griffin et al., 1998) (data not shown). Significantly, the injection of morpholinos against fgfr1 was found to phenocopy the hdf mutant; we obtained the somite-less phenotype with normal head structures at a greater than 95% frequency with the morpholinos designed at two different exon-intron boundaries (MO-fgfr1SP1 and MOfgfr1SP2) (Figs. 2D-G) . We then determined the full-length cDNA and the genomic organization of medaka fgfr1 and finally identified a single nucleotide alteration G-to-C in exon 6, resulting in an amino acid substitution, tryptophan to cysteine (W181C), in the extracellular Ig-like domain II (IGII) (Fig. 2B ). This tryptophan is conserved among all FGFRs isolated, including insects and mammals (Fig. 2C) . Therefore, it must be crucial for the function of FGFR1. But there is no functional annotation for this tryptophan thus far. The hdf mutant will help define the role of this tryptophan.
The somite-less phenotype of the hdf mutant was rescued at the segmentation stage by injection of RNA encoding wild-type Fgfr1 (Figs. 2H-J), whereas the mutant fgfr1 RNA of the mutant (W181C) did not rescue the defect (data not shown). Moreover, wild-type embryos showed no obvious phenotype when injected by wild-type or mutant RNA (data not shown), suggesting that the mutation W181C is a loss-of-function type. Wild-type (E, G) and hdf mutant (F, H) embryos at 4-somite stage (st. 20). Dorsal view of the tail (E, F) and head (G, H). Mutant embryos have a midline structure but fail to form somites. Lateral view of wild-type (I) and hdf mutant (J) embryos at 30-somite stage (st. 28). hdf mutant embryos show agenesis of the posterior structures but have a morphologically normal head, including the eyes, ventricles and MHB (arrowhead). ey, eye; kv, Kuppfer's vesicle; ov, otic vesicle; so, somite. Scale bars: (A) 500 μm; (E) 100 μm; (I) 100 μm. (K-T) Gene expression patterns. Wild-type (K, M, O, Q) and mutant (L, N, P, R) embryos during early segmentation stages. (K, L) The expression of myod, a somite differentiation marker, is observed in each somite in a wild-type embryo, in a bilateral regular stripe pattern (K), whereas it is severely reduced in the mutant embryos (L). (M, N) The expression of papc, a presomitic mesoderm marker, is lost and only faint expression is observed in the mutant (N). (O, P) The expression of ntl, a pan-mesodermal marker. ntl expression is detected in the notochord and tailbud in wild-type (O), but is down-regulated in tailbud and exhibits a interrupted pattern in midline of the mutant embryos (P). (Q, R) The expression of spt, a marker for the tailbud. While spt is expressed in the tailbud of the wild-type embryo (Q), it is considerably weaker in the mutant embryo (R). (S, T) Early gastrula stage. Animal-pole views are shown. ntl is expressed uniformly in the blastoderm margin of all sibling embryos obtained from a heterozygous mating (S) and chordin, a dorsal mesodermal marker is detected in the dorsal region of all sibling embryos (T). Each genotype is indicated as wt, wild-type and hdf, headfish.
Finally, we confirmed reduced responsiveness to FGFs in the mutant by showing that FGF8-soaked-beads transplanted into gastrula-stage mutant embryos fail to induce the expression of sprouty4, one of the known downstream targets of FGF signaling (Fürthauer et al., 2001) (Figs. 2K-M) . Based on these results, we conclude that disruption of fgfr1 causes hdf and that the amino acid substitution of W181C is responsible for Fgfr1 dysfunction. The expression of fgfr1 and sprouty4 during wild-type and mutant development Fig. 3 shows the normal expression of fgfr1 during medaka embryogenesis. Ubiquitous maternal expression of fgfr1 was detected in the early cleavage-stage embryo (4-cell, Fig. 3A) . Ubiquitous expression including the blastoderm margin is maintained until early gastrula stage, during which the expression gradually increases in the dorsal half (Figs. 3B,  C) . At the early gastrula stage (st. 15), elevated expression is detected in the dorsal margin, presumptive anterior neural region, and the underlying hypoblast (Fig. 3D , histological sections not shown). However, as gastrulation proceeds, these elevated anterior expression domains gradually decrease as expression is up-regulated in the trunk-tail region of the neuroectoderm and mesoderm including the tailbud (Figs. 3E, H) . At this stage, sprouty4 is strongly activated as a stripe in the middle part of the presumptive neuroectoderm (probably the future midbrain-hindbrain boundary) as well as in the dorsal marginal mesoderm fated to become the notochord and tailbud. This activation of sprouty4, however, is not detected in the mutant embryo, which is consistent with the fgfr1 hdf phenotype (Figs. 3F, G) .
During the bud stage to early segmentation stages, fgfr1 is broadly expressed in the trunk region, somites and presomitic mesoderm (Figs. 3I, K) , while sprouty4 exhibits restricted expression in the anterior tip of the telencephalon, MHB, rhombomere 4 and tailbud (Figs. 3M, O) . Among these sprouty4 expression domains, expression in the telencephalon is less affected in the mutant (Figs. 3N, P) , while the expression in other regions is reduced or lost. These results indicate that sprouty4 expression is highly dependent on Fgfr1-mediated signaling, except in the telencephalon, and thus, Fgfr1 is likely to be the primary mediator for FGF signaling in the blastoderm margin and tailbud.
Expression of anterior neural markers in wild-type and fgfr1 hdf embryos FGF signaling has been implicated in forebrain patterning and MHB formation, but fgfr1 hdf embryos develop morphologically normal head structures. We thus examined the expression of region-specific neural markers in wild-type and fgfr1 hdf mutant embryos at the bud (st. 18) to 9-somite (st. 21) stages. The markers used were bf1 for the telencephalon (data not shown), pax6 for the forebrain and hindbrain, pax2 for MHB and krox20 for rhombomeres 3 and 5 (Fig. 4) (Kage et al., 2004) . These region-specific markers are almost normally expressed in fgfr1 hdf mutant embryos, except for krox20. Expression of krox20 in rhombomere 5 tends to be frequently missing or reduced in fgfr1 hdf mutants until the 6-somite stage (st. 21) (Figs. 4D, E) . Expression of krox20, however, is recovered by the 9-somite stage (Fig. 4F) , suggesting that Fgfr1 function is initially required but later compensated by other Fgf receptors expressed in this region. Furthermore, the most ventral region of the anterior head normally develops as indicated by hedgehog expression (Figs. 4J, M) . These results indicate that Fgfr1-mediated signaling is largely dispensable for development of most anterior head structures.
Fgf8 is a major functional ligand of Fgfr1 in medaka
FGF8 is a well-characterized FGF ligand and functions in various tissues of vertebrate development. In zebrafish, Fgf8 has been suggested to act mainly through Fgfr1 because of the phenotypic similarity between the fgf8 ace mutant and fgfr1 morphant (Scholpp et al., 2004) . The zebrafish phenotype, however, is evident mainly in the MHB, which forms normally in fgfr1 hdf mutants. To examine whether this ligand-receptor relationship is maintained in medaka, we analyzed the expression and function of medaka fgf8. For this, we have isolated medaka fgf8 using medaka EST (http://medaka.lab.nig.ac.jp/ est_index.html) and genome information (UTGB: http://dolphin. lab.nig.ac.jp/medaka/). Medaka fgf8 is expressed in the anterior tip of the telencephalon, MHB, hindbrain and tailbud (Figs. 5A, B) , which is similar to that of zebrafish fgf8 and mouse fgf8, except that, unlike zebrafish fgf8, the somitic mesoderm does not express fgf8 in medaka. These expression patterns are largely unaffected in the fgfr1 hdf mutants, except in the tailbud where the expression is reduced and dispersed (Figs. 5C, D) .
We then examined the function of medaka fgf8 by knocking down fgf8 gene function with MOs. Surprisingly, the phenotype of fgf8 morphants is nearly identical to that of fgfr1 hdf mutants (Figs. 5E-H) ; MO-injected embryos exhibit the somite-less phenotype. The morphant embryos develop morphologically normal head including MHB, which is also similar to the fgfr1 hdf mutants. The expression of krox20 and pax2 is analyzed in the morphant head, in order to examine the rhombomere patterning defect observed in the fgfr1 hdf mutant. The expression of krox20 is only detected in r3 and lost in r5 at st. 18, and the expression in r5 is recovered by st. 20 (Figs. 5I-L) . This defect-recovery phenotype is quite similar to that in the fgfr1 hdf mutant (Figs. 4A-F) . Same as the fgfr1 hdf mutant, the expression of pax2 in MHB is not affected in the fgf8 morphant (Figs. 5M-P). These results suggest that Fgfr1 is also a primary transducer of Fgf8 signaling in medaka during embryogenesis, but that the function of the Fgfr1 and Fgf8 pair is different in different teleost lineages.
Discussion
Disruption of fgfr1 causes the headfish phenotype
The recessive lethal mutant hdf was found to be the first fgfreceptor-related mutant in fish. The mutation we identified causes a substitution of the 181st amino acid, tryptophan, to cysteine in the extracellular Ig-like domain II (IGII) of Fgfr1. The IGII domain is known to be essential for interacting with ligands and with heparan sulfate proteoglycan, a co-factor for FGFRs (Böttcher and Niehrs, 2005) . Although there have been no functional studies on this mutated tryptophan, the fgfr1 hdf mutant has uncovered its critical role in the function of FGFR1; this residue is not suggested to interact directly with FGF ligand nor heparin (Pellegrini et al., 2000; Schlessinger et al., 2000) , Fig. 3 . Embryonic expression of medaka fgfr1 and its down-stream target, sprouty4. Probes used are on the top right corner. wt, wild-type and hdf, fgfr1 hdf mutant embryos. Animal-pole views (A-B) and dorsal views (E-P; animal-pole or anterior to the top) are shown. Maternal expression of medaka fgfr1 is detected ubiquitously at st. 4 (4-cell) (A). At st. 13 (early gastrula), fgfr1 is expressed ubiquitously with higher levels on the dorsal side (to the top; C). During gastrulation, fgfr1 is expressed in the presumptive head region with the continued expression in the margin (D, st. 15; E, st. 15+). The expression of sprouty4 is observed in the presumptive MHB and dorsal margin in a part of the sibling embryos (F), but in some siblings this expression is undetectable (G). At the end of gastrulation, fgfr1 is expressed in the trunk region (H). At the bud stage (I) and the early segmentation stage (K), fgfr1 is expressed in the trunk, paraxial mesoderm, somite and presomitic mesoderm. In the neural tube, weak ubiquitous expression with high levels in the hindbrain is observed in the wild-type embryo (I, K). In the mutant, fgfr1 expression is lost in the paraxial mesoderm, somites and presomitic mesoderm, due to a lack of these tissues, whereas the expression in the anterior portion remains unchanged (J, L). At these stages, sprouty4 is expressed in the tailbud (M), the anterior tip of telencephalon, MHB and r4 (O). The sprouty4 expression is lost in the tailbud and reduced in the mutant (N, P), except for the telencephalon.
and is probably essential for formation of a ternary structure. This idea is further supported by the fact that this amino acid is conserved among all types of FGFRs isolated from nematode to vertebrates.
Four lines of evidence suggest that the fgfr1 hdf allele is likely to cause a simple loss-of-function of fgfr1 activities: (1) fgfr1 hdf is a recessive mutant and heterozygous fish show no phenotype.
(2) The fgfr1 hdf mutant phenotype is rescued by the injection of wild-type fgfr1 mRNA. (3) Injection of mRNA encoding the fgfr1 hdf mutant has no effect on wild-type embryos. (4) Gene knock-down of fgfr1 using several different MO-fgfr1 constructs phenocopies the fgfr1 hdf mutant phenotype. Further structural and functional analysis will shed light on the precise function of this tryptophan reside in FGF receptors. hdf (D-F, K-N) embryos. At st. 18, krox20 expression in the r5 is lost in the mutant, whereas the expression in r3 is not affected (A, D) . The expression in r5 is restoring at st. 20 in the mutant (B, E), and is recovered at st. 22 (C, F). The expression of pax6 in forebrain and hindbrain is normal in the mutant (G, H, K, L). The expression of pax2 in MHB (I, M) and shh in prechordal plate and floor plate (J, N) are not affected in the mutant.
Is Fgfr1-mediated signaling dispensable for mesoderm induction?
In fish and frog, the functional analysis of Fgfr1 has been mainly performed by the injection of mRNA encoding a dominant negative form of FGFR1 (XFD). The results of these experiments demonstrated that the blocking of FGF signaling in early Xenopus and zebrafish embryos inhibits mesoderm induction, leading to truncation of the anterior-posterior axis (Amaya et al., 1991 (Amaya et al., , 1993 Griffin et al., 1995; Launay et al., 1996; Carl and Wittbrodt, 1999) . The receptor mediating the FGF signal, however, has not been clear because XFD interacts with all of FGFRs and thus interferes with all the signals mediated by FGFRs (Ueno et al., 1992) . Indeed, in the Fgfr1-mutant mouse, initial mesoderm formation occurs normally (Deng et al., 1994; Yamaguchi et al., 1994) , suggesting that FGF signaling mediated by receptors other than FGFR1 could conceivably compensate and participate in this process. The analysis of fgfr1 hdf mutants supports this interpretation. Together with the phenotype of Fgfr1 knockout mice, our results demonstrate that FGFR1-mediated signaling is rather required for subsequent mesoderm patterning and maintenance in vertebrate embryos. Since the presence of maternal products may attenuate the phenotype of a zygotic mutant of fish (Gritsman et al., 1999; Mintzer et al., 2001) , the definitive answer awaits production of maternal-zygotic medaka mutants for fgfr1. In preliminary experiments, we have found that the expression of ntl persists at the blastula stage in maternalzygotic fgfr1 hdf mutants, suggesting that Fgfr1-mediated signaling is dispensable for mesoderm induction in fish. Detailed phenotypes of maternal-zygotic fgfr1 hdf mutant including defective cell movement will be described elsewhere (Shimada et al., unpublished results).
Fgfr1-mediated signaling in neural patterning
A number of previous studies have demonstrated that FGFs secreted from the anterior neural ridge, MHB (isthmic region) and rhombomere 4 are implicated in patterning of the telencephalon, midbrain and hindbrain (Crossley et al., 1996; Shimamura and Rubenstein, 1997; Shanmugalingam et al., 2000; Shinya et al., 2001; Maves et al., 2002; Walshe et al., 2002; Sato et al., 2004) . In the fgfr1 hdf mutant, however, the expression patterns of regional neural markers and sprouty4 in the anterior head seem largely unaffected or recovered, suggesting that other FGFRs redundantly function during anterior neural patterning. Indeed, we and other groups have observed that medaka fgf receptors 2-4 are differentially expressed in the anterior head with some overlapping domains (Carl and Wittbrodt, 1999 : data not shown). The maternally Fig. 5 . The expression of fgf8 and the phenotype of fgf8-morphant. Medaka fgf8 is expressed in the anterior tip of the forebrain, MHB, hindbrain and tailbud (A, B). The expression of fgf8 is largely unaffected in the fgfr1 hdf mutant, except for the expression in tailbud (C, D; arrows). Injection of fgf8 morpholino causes somite-less phenotype, phenocopying the fgfr1 hdf mutant phenotype (E, G). Same as fgfr1 hdf , morphology of the brain including MHB is normal in the fgf8 morphant (H). The expression of krox20 and ntl in wild-type (I, J) and fgf8 morphant (K, L). In the morphant, the expression of krox20 in r5 is lost at st. 18, and is recovered at st. 20 (K, L; arrows). The expression of pax2 and ntl in wild-type (M, N) and fgf8 morphant (O, P). The expression of pax2 in MHB is not affected in the morphant.
supplied Fgfr1 may not be involved in this relatively late patterning event, because transplantation of FGF8-beads revealed that fgfr1 hdf mutants of mid-gastrula stage have already lost their ability to respond to exogenous FGFs (Figs.  2K-N) . Hence maternal Fgfr1, if any, loses its major effects by mid-gastrulation.
Divergent function and conserved ligand-receptor pair of fish Fgf8-Fgfr1
The receptor specificity of FGF ligands has been intensely examined in cell culture systems, and recent in vitro analysis demonstrates that various types of FGFRs can transduce FGF8 signal (Zhang et al., 2006) . On the other hand, Fgfr mutants provide key information on ligand-receptor relationships in vivo, and FGFR1 was thought to be a major transducer for FGF8 signal in mouse early development. Indeed, Fgfr1 mutant mice exhibit a nearly identical phenotype to fgf8 mutants; they do not form proper mesoderm (Deng et al., 1994; Yamaguchi et al., 1994; Sun et al., 1999) . In contrast, the phenotype of the zebrafish fgf8 ace mutant is mild and restricted to the MHB (Reifers et al., 1998) . Interestingly, the zebrafish fgfr1 morphant exhibits the similar phenotype; it fails to form the MHB with only mildly affected somitogenesis (Scholpp et al., 2004) , suggesting that the ligand-receptor pair, FGF8-FGFR1, is conserved in zebrafish.
The conserved ligand-receptor pair between mouse and zebrafish could be coincidence or a result of co-evolution. In the present study, we tested these possibilities by comparing the phenotypes of fgfr1 hdf mutants with that of fgf8 morphants. Morpholino knock-down of medaka fgf8 resulted in almost the same phenotype to that observed in the medaka fgfr1 hdf mutant, including normal MHB formation. Furthermore, our phylogenetic analysis confirms that the medaka Fgfr1 and Fgf8 examined here are the ortholog of the zebrafish Fgfr1 and Fgf8, respectively (Fig. 6) . It is worth noting that the milder phenotypes in zebrafish could be a result of incomplete inhibition of each gene function. However, this can not fully account for the phenotypic differences in the MHB and rhombomere 4 between the two fishes; the MHB is specifically defective in zebrafish mutants or morphants, while rhombomere 4 in medaka counterparts. Taken together, we conclude that in spite of the functional difference, the ligand-receptor pair of FGF8-FGFR1 is maintained between the two fish lineages. Hence, after the divergence of medaka and zebrafish, which is estimated around 110-160 MYA (million years ago) (Wittbrodt et al., 2002) , they differently evolved the functions of Fgf8-Fgfr1 signal and/or its degree of redundancy with other signals, while maintaining the ligand-receptor relationship. Indeed, it was recently found that fgf24 redundantly functions with fgf8 to promote posterior development in zebrafish; inactivation of both fgf24 and fgf8 in zebrafish causes a phenotype similar to medaka fgf8 morphants (Draper et al., 2003) . The conserved functional pair of Fgf8-Fgfr1 found in two fish and mouse suggests the presence of unknown developmental constraint that promotes co-evolution of this signaling system. Thorough studies using various species will provide further insights into evolutionary diversification of the Fgf ligand-receptor system.
In conclusion, we have isolated the first fgfr1 mutant in fish and have conducted phenotypic analyses of the mutant. Considering the advantages of fish experimental systems, the fgfr1 hdf mutant is a valuable model with which to genetically analyze the precise role of Fgfr1-mediated signaling in various aspects of development, growth and differentiation. Comparative analysis with fgf8 morphant further revealed a conserved receptor-ligand relationship with divergent functions of Fgfr1 during vertebrate evolution. We showed the significance of the use of two different teleost fish species to gain new insights into the function of genes, and their evolutionary diversification.
Accession numbers
Genomic and cDNA sequences are deposited to the DDBJ/ EMBL/GenBank. The accession numbers are as follows: medaka fgfr1 gene, AB259115; medaka fgfr1 IIIc VT+ isoform cDNA, AB259116; medaka fgfr1 IIIc VT-isoform cDNA, AB259117; medaka fgfr1 IIIb VT+ isoform cDNA, AB259118; medaka fgfr1 IIIb VT-isoform cDNA, AB259119; and medaka fgfr1 gene headfish mutation, AB259120.
